ABSTRACT The emergence and premating reproductive behaviors of adult dogwood borer moths, Synanthedon scitula Harris (Lepidoptera: Sesiidae), were examined under controlled conditions in the laboratory and in apple orchards in Virginia. The diel periodicity of male response to pheromone sources was recorded using traps baited with commercial pheromone lures and with a recently identiÞed, trinary blend of dogwood borer sex pheromone components. An earlier study reporting a signiÞcant effect of pheromone trap height on the capture of male dogwood borer was revisited, using commercial lures and the new pheromone. Under a 16:8 (L:D)-h photo regimen, the emergence of male and female moths showed a diel periodicity, peaking at 0600 hours. Sexual receptivity of female moths, indicated by the onset of calling behavior, occurred in most individuals on the day after emergence and was observed only during the crepuscular period just before and after sunset. Similarly, the capture of male dogwood borer in traps deployed in July and baited with virgin female moths or pheromone lures coincided with the period of female calling behavior, peaking sharply between 2000 and 2100 hours. When pheromone-baited traps were deployed in September, the peak capture of male dogwood borer occurred earlier, between 1900 and 2000 hours. Traps baited with a commercial lure captured signiÞcantly more male dogwood borer at 1.8 m (6 ft), whereas those baited with the trinary dogwood borer sex pheromone captured similar numbers of males at elevations ranging from 1.2 to 2.4 m (4 Ð 8 ft). Use of the new dogwood borer sex pheromone has tremendously increased the precision of trapping data and has yielded reliable measurements of the behavior and abundance of male moths that pertain directly to improved monitoring and management capabilities.
THE DOGWOOD BORER, Synanthedon scitula Harris, has a broad range of deciduous hosts, including many species of woody ornamentals, nut trees, and fruit trees (Johnson and Lyon 1991) . Long known as a potential threat to the production of ßowering dogwood, Cornus florida L. (Underhill 1935 , Wallace 1945 , its pest status on apple in eastern North America seems to have increased since the 1980s (Riedl et al. 1985 , Warner and Hay 1985 , Kain and Straub 2001 . This is likely caused largely by the use of sizecontrolling rootstocks in most new apple orchards (Riedl et al. 1985) . These rootstocks promote the formation of adventitious root initials (burr knots) on exposed portions of the rootstock and also on the trunk and scaffold limbs of some varieties (Rom 1970 , 1973 , Rom and Brown 1979 , Marini et al. 2003 . Burr knots have been considered a primary point of infestation of apple trees by dogwood borer (Riedl et al. 1985 , Kain and Straub 2001 , Kain et al. 2004 , and larvae can infest very small burr knots on apple trees during the Þrst season after planting . Consumption of burr knot tissue by larvae can lead to mining outward into the cambial layer. Partial or complete girdling from ongoing infestations can lead to reduced growth and vigor of young trees during the early years of their establishment and, in severe cases, tree death (Weires 1986 ). The increasing pest status of dogwood borer in apple orchards in eastern North America is virtually identical to the experience of European apple growers, where the apple clearwing moth, Synanthedon myopaeformis Brkh., emerged as a serious pest of apple after the introduction of sizecontrolling rootstocks (Dickler 1976) .
Monitoring dogwood borer in managed urban landscapes and apple orchards using sticky traps baited with commercially available pheromone lures has produced inconsistent results (reviewed in Bergh and Leskey 2003) . A comparison of several commercial lures used in various published accounts of dogwood borer trapping revealed large differences in their attractiveness to and selectivity for dogwood borer (Bergh et al. 2004) , and even the most effective product, the Scenturion dogwood borer lure (Suterra, Portland, OR) did not seem to accurately reßect seasonal ßight patterns or population density. Recent identiÞcation of the dogwood borer sex pheromone has resulted in tremendous increases in both the attractiveness and species-speciÞcity of pheromonebaited traps and revealed that dogwood borer is much more abundant and widespread in commercial apple orchards in the Mid-Atlantic region than was previously understood (Zhang et al. 2005, Leskey et al. in press.) .
Research on basic aspects of dogwood borer behavior and ecology that may lead to novel or improved management tactics is warranted. The availability of an improved pheromone has created opportunities to reÞne our monitoring capabilities and to address questions about the mate-seeking behavior of male dogwood borer under Þeld conditions. For example, Riedl et al. (1985) reported that signiÞcantly more male dogwood borers were captured in pheromonebaited sticky traps suspended at 1.2 m (Ϸ4 ft) above the ground than at other elevations in the apple tree canopy, and this recommendation for deploying dogwood borer traps has continued (Krawczyk 2004) . Given that Riedl et al. (1985) used commercial lures that were likely suboptimal in their attractiveness, especially in competition with calling female moths, we questioned whether their results were an artifact and whether this very speciÞc recommendation about trap height was valid or necessary. We have also developed protocols for rearing and mating dogwood borer in captivity (Leskey and Bergh 2002) , affording opportunities to expand our understanding of the male and female reproductive behaviors that may prove important to developing behaviorally based control strategies.
This study reports our Þndings from laboratory and Þeld experiments that addressed several fundamental questions about the premating behaviors of male and female dogwood borer. Diel patterns of emergence of adult moths and of female calling behavior were measured under controlled conditions, and the diel periodicity of male response to traps baited with pheromone lures or virgin females was examined in commercial apple orchards. We revisited the pheromone trap elevation study reported by Riedl et al. (1985) , using a commercially available pheromone lure in one study and the newly identiÞed pheromone in another.
Materials and Methods
Insects. Several hundred dogwood borer larvae were collected from trees in commercial apple orchards in Frederick County, VA, and from orchards at the Alson H. Smith, Jr. Agricultural Research and Extension Center (AHS-AREC), near Winchester, VA. Larvae were reared individually in clear, 30-ml plastic cups with clear lids (Polar Plastics, St.-Laurent, Quebec, Canada) containing general lepidopteran diet (BioServ, Frenchtown, NJ) . Cups with larvae were held in a controlled environment chamber (Percival ScientiÞc, Perry, IA) at 25ЊC and 16:8 (L:D) h. On completion of feeding, dogwood borer larvae construct a cocoon within which they pupate. Pupae were removed from their cocoons and sexed according to the number of rows of spines on the fused, terminal abdominal segment . Male and female pupae were separated and held in groups in 300-ml, white, waxed paper cups (Sweetheart Cup Co., Owings Mills, MD) with a clear plastic lid, provided a source of 10% sucrose solution, and held in the controlled environment chamber under the same conditions described above.
Diel Periodicity of Adult Emergence and Female Calling Behavior. In an attempt to generate a cohort of pupae from which adult moths would emerge over a limited period of time, pupae were allowed to develop to the point at which the eyes of the developing adult Þrst became entirely black. This developmental point precedes the darkening of the rest of the cuticle and was deemed the earliest point at which pupae could be readily separated from those at an earlier developmental point. These "black-eyed" pupae were placed in a covered petri dish in a refrigerator at 4ЊC. Our previous, unpublished observations had shown that dogwood borer pupae can be held under these conditions for at least several weeks without affecting their subsequent development to the adult stage. The experiment was initiated when 40 male and 40 female black-eyed pupae had been accumulated. Pupae were placed individually in 250-ml, clear plastic cups that were inverted on a plastic lid with a 5-cmdiameter hole in its top. Fine mesh nylon screening covered this hole, and each cage was provisioned with a source of 10% sucrose solution. The cages were held on the shelves of a metal rack in a small, windowless room held at 25 Ϯ 0.1ЊC and 69.1 Ϯ 0.5% RH. Each shelf was lighted from above by a bank of four ßuorescent tubes attached to a timer that controlled a 16:8 (L: D)-h photo regimen, with lights on at 0600 hours. Beginning at 0600 hours on 11 June 2004, observers recorded the number of adult male and female dogwood borers that emerged at hourly intervals over the following 10 d. Adult male moths were removed from the test on emergence.
Cages containing newly emerged female moths were placed in a separate group in the same room, but away from the cages with pupae. To avoid visual interference among female moths and to minimize the effect of observer movement on moth behavior, a 300-ml white, waxed paper cup (Sweetheart Cup Co.) with the bottom removed was inverted over each cage. About one quarter of the side of each paper cup also had been cut away, allowing observation of the moth within the cage.
Female moths were observed for calling behavior at hourly intervals for Ն48 h after emergence, with the exception of the four females that emerged on the last day during which emergence was recorded (20 June), which were observed for 40 h. Calling female dogwood borer assume a posture that includes the head raised with antennae splayed, the abdomen raised and curved upward, and the light yellow ovipositor protruding downward from the abdominal tip. Scoto-phase observations were made using a red-Þltered bicycle light attached to a head-band.
Diel Periodicity of Male Response to Pheromone Sources. In 2003, wing-style sticky traps baited with Scenturion dogwood borer lures or caged, virgin female moths were used to monitor the diel periodicity of the response of male dogwood borer to pheromone. In a previous study (Bergh et al. 2004) , the Scenturion dogwood borer lure, lot no. 20021714, had proven more effective than other products. This seemed to be caused by differences among products in the amounts of one or more geometrical isomers of the main pheromone component (Bergh et al. 2004 ). For the 2003 study, we had lures available from the lot used previously and a new lot of lures from Scenturion (no. 56U03119), and therefore as a quality control measure, treatments included traps baited with lures from both lots. Traps were deployed in a 1.8-ha commercial apple orchard consisting of 4-yr-old trees on M.26 rootstock. In each of three orchard rows, separated by three buffer rows, one trap was baited with a Scenturion lure lot no. 20021714, one with a Scenturion lure lot no. 56U03119 and one with a single caged, virgin female dogwood borer (Յ4 d old). The traps were randomly assigned to three positions within the row (spaced at 20-m intervals) and suspended at Ϸ1.83 m (6 ft) above the ground from limbs in the outer portion of the tree canopy. From 2000 hours on 21 July until 2400 hours on 28 July, the number of male dogwood borers captured in each trap was recorded at 4-h intervals. No pesticides were applied to this orchard during the test period. Scotophase observations were made using a red-Þltered bicycle light attached to a headband. Individual female moths remained in the orchard continuously during their deployment and each was deployed for Յ48 h. Replacement females were taken to the orchard during the daylight hours.
In 2004, the test was repeated using Delta-style sticky traps baited with a lure containing 1 mg of the trinary blend of dogwood borer sex pheromone components (Zhang et al. 2005) or with a caged, virgin female moth (Յ2 d old). On each of three evenings from 5 to 10 July, traps were deployed in an orchard at the AHS-AREC or in a commercial orchard adjacent to the AHS-AREC. Traps were suspended at a height of Ϸ1.83 m (6 feet) and spaced at 20-m intervals within each of two trap rows that were separated by two or three buffer rows. Each trap row contained both virgin female-and lure-baited traps. Two or three traps were baited with a virgin female, depending on the number of female moths available each day (different females were used each day), whereas three or four traps were baited with a lure. The number of male dogwood borers captured in each trap was recorded at hourly intervals from 1800 until 2400 hours and at 0800 hours the following morning. Based on the outcome of the Þrst three evenings, the study was modiÞed during an additional three evenings of trapping from 11 to 14 July. Traps baited with a pheromone lure were placed in a single row of trees in one part of an orchard, whereas traps baited with a virgin female moth were located in another row within the same orchard block or in a different orchard nearby. Traps were deployed using the same protocols described previously, and the minimum distance between those baited with lures and with female moths was Ϸ290 m. The number of moths captured per trap was recorded hourly from 1800 until 2400 hours and at 0800 h the following morning. Scotophase observations relied on the red light source described previously.
A third repetition of this study in 2005 examined the capture of males during the latter part of their annual ßight period. One Delta-style trap baited with the trinary pheromone blend was deployed in each of three orchards at the AHS-AREC. On 4 consecutive d beginning 10 September, the number of moths captured in each trap was recorded hourly between 1600 and 2100 hours and at 0800 h the following day. . At the outset of the test, trap elevations were randomized within each of three rows of trees, which were separated by three buffer rows, and traps were spaced at 20-m intervals within rows. The number of male dogwood borer captured was recorded weekly for 6 wk and the sticky liners were either cleaned of moths or replaced, as needed. The elevation at which traps were suspended was rotated within each row of trees each week.
In 2004, the study was repeated in a 1.8-ha block of 5-yr-old trees on M.26 rootstock. Trees were 2.7 m tall by 2.4 m wide and planted at a spacing of 2.1 by 4.9 m (7 by 16 ft). The protocols used in 2004 were identical to those in 2003, except that the lures contained a 1-mg loading of the trinary pheromone blend. Traps were deployed on 15 June, and moth captures were recorded weekly for 6 wk. Because of the large numbers of moths captured with the new pheromone, trap liners were replaced weekly.
Statistical Analysis. The results of all analyses were considered statistically different at the 5% probability level. The numbers of male dogwood borer captured over each 6-wk trapping period in 2003 and 2004 were compared among trap elevations using analysis of variance (ANOVA) and TukeyÕs multiple range test (SAS Institute 2001). Because adult emergence, female calling, and the response of male moths to pheromone sources were recorded at regular intervals within a circular, 24-h scale, these data were analyzed using circular statistics that tested the null hypothesis of uniformity of distribution around a circle. The time of day at which an event was recorded was converted to an angular direction, based on a 360Њ circle, and these measurements were used in the nonparametric, WatsonÕs one-sample U 2 test (Zar 1984 (Zar 1984) .
Results
Diel Periodicity of Adult Emergence. Despite our attempt to create a cohort of pupae at a seemingly common point in their development (i.e., the blackeye stage), the emergence of adult moths began on the fourth day of observation and occurred over a period of 7 d (14 Ð20 June) during which records were kept. Adults emerged from the majority of pupae during the study (n ϭ 26 males and 24 females) and the emergence of both sexes showed a pronounced diel periodicity (Fig. 1) , with a peak between 0600 and 0700 hours (males: U 2 ϭ 2.191; df ϭ 25,25; P Ͻ 0.001, females: U 2 ϭ 2.074; df ϭ 24,24; P Ͻ 0.001). Diel Periodicity of Female Calling Behavior. Nineteen female dogwood borer were observed calling on one or more occasions. Four females initiated calling on the day of emergence, 13 Þrst called on the day after emergence, and two began calling on the third or fourth day after emergence. Thirteen females were observed calling on 2 consecutive d. The mean latency from emergence to the onset of calling was 36.0 Ϯ 16.7 (SD) h. The onset of calling behavior occurred between 1900 and 2100 hours on the Þrst evening during which the behavior was recorded, with a pronounced peak of calling at 2100 hours (Fig. 2) , indicative of a diel periodicity (U 2 ϭ 1.599; df ϭ 19,19; P Ͻ 0.001). Based on the number of consecutive intervals during which individual females were observed calling, the mean duration of a calling bout on the Þrst night of calling was 1.5 Ϯ 0.8 h. Females that called on 2 consecutive d also showed a peak of calling on the second evening at 2100 hours, but the mean duration of a calling bout was somewhat longer than on the Þrst evening (2.4 Ϯ 1.0 h).
Diel Periodicity of Male Response to Pheromone Sources. In 2003, male dogwood borers were captured in pheromone-and virgin femaleÐ baited traps during both 4-h intervals between 1600 and 2400 hours (Table 1) , with the majority of captures occurring between 1600 and 2000 hours. Numerically more moths were captured in three traps baited with virgin female dogwood borer (n ϭ 96) than in six traps containing Scenturion dogwood borer lures (n ϭ 36).
In 2004, hourly records revealed that the capture of males in traps baited with the trinary blend of pheromone components showed a diel periodicity (U 2 ϭ 1.60; df ϭ 19,19; P Ͻ 0.001), peaking between 2000 and 2100 hours, and ceasing thereafter (Table 2 ). This trend was also observed in traps baited with virgin female moths (Table 2) . When traps baited with virgin females were deployed in an array with pheromonebaited traps (5Ð10 July), many fewer moths were captured by females (n ϭ 1) than by lures (n ϭ 50). When traps baited with virgin females were spatially separated from those baited with pheromone lures (11Ð14 July), the capture of males in lure-and female-baited traps increased (n ϭ 65 and 38 moths in lure-and female-baited traps, respectively; Table 2 ).
In September 2005, the capture of male dogwood borers again showed a diel periodicity (U 2 ϭ 1.03; df ϭ 12,12; P Ͻ 0.001), but with a peak that occurred Ϸ2 h earlier than in July 2004 ( Table 2 ). The mean time at which lure-baited traps Þrst captured at least one male in July and September was signiÞcantly different (F ϭ 53.42; df ϭ 1,32; P Ͻ 0.0005).
Trap Elevation. In 2003, traps baited with a commercial lure and suspended at 1.83 m (6 ft) above the ground captured signiÞcantly more (F ϭ 9.06; df ϭ 3,20; P Ͻ 0.001) male dogwood borers than those at other elevations (Fig. 3A) , although total trap capture was low (n ϭ 58 moths). In 2004, the number of male dogwood borer captured over the same 6-wk interval exceeded that in 2003 by Ͼ100-fold (n ϭ 6,028 moths). The number of moths captured differed signiÞcantly among trap elevations (F ϭ 6.95; df ϭ 3,20; P Ͻ 0.002). More moths were captured at 1.83 and 2.44 m than at 0.61 m, whereas there were no differences among the upper three or between the lower two elevations (Fig. 3B) .
Discussion
Adult male and female dogwood borer showed pronounced peaks of emergence and premating behaviors during relatively brief intervals that coincided with daily crepuscular periods. Most male and female dogwood borer adults emerged from pupae at 0600 hours, coinciding with the time of lights on in a controlled environment chamber and with sunrise in nature (sunrise at 0547 h at Winchester, VA, on 21 June 2004). Our use of the "black-eye" stage as a common point in pupal development did not synchronize pupae as closely as we had anticipated, and there was considerable variability among both male and female pupae in the length of time between that developmental point and adult emergence.
Under the laboratory conditions used, most female dogwood borer initiated calling on the second evening after emergence and exhibited this behavior during a relatively brief period before and after sunset (sunset at 2042 h at Winchester, VA, on 21 June 2004).
Our data on the diel response of male dogwood borers to pheromone conÞrm those reported by GreenÞeld (1978) from research conducted in Wisconsin, but extend on them through our use of both virgin females and pheromone, including the optimal trinary pheromone blend. The diel periodicity of calling by females entrained to a 16:8 (L:D)-h photo regimen in captivity (Fig. 2) coincided with the response of male moths to traps baited with virgin females and synthetic pheromone lures, recorded in July, when the natural photoperiod was near 15:9 (L:D) h (Table 2) . Males were captured during a daily interval not exceeding 2 h, beginning near sunset and extending into the twilight period. As would be predicted for a crepuscular species, the peak period of male response to pheromone lures occurred earlier in the evening in September, during the latter part of Other Synanthedon species exhibit a diel periodicity of emergence and premating reproductive behaviors. Under natural conditions, male and female peachtree borer Yonce 1969, Barry and Neilsen 1984) and lesser peachtree borer (King 1917, Gorsuch and Karandinos 1974) also emerge from early to midmorning, and Smith (1965) reported this time of emergence for peachtree borer reared in the laboratory. Unlike dogwood borer, the peak period of calling by adult female peachtree borer and lesser peachtree borer and of the response by males of these species occurs between late morning and early afternoon (Jacklin et al. 1967 , Gorsuch et al. 1975 , GreenÞeld 1978 , Barry and Neilsen 1984 . These congeneric species overlap broadly with dogwood borer both geographically and in their seasonal periods of ßight activity (Hogmire 1995) . Along with numerous other species of Sesiidae (Nielsen et al. 1979 , Tumlinson 1979 , dogwood borer and peachtree borer share (Z,Z)-3,13-octadecadienyl acetate (Z,Z-3,13-ODDA) as their major sex pheromone component (Tumlinson et al. 1974 , Nielsen et al. 1975 . Commercial lures for monitoring dogwood borer and some other clearwing moth species often contain predominantly Z,Z-3,13-ODDA (Bergh et al. 2004) , and cross-species attraction to these lures is not uncommon (Rogers and Grant 1990, Braxton and Raupp 1995) , including attraction of peachtree borer to dogwood borer lures. IdentiÞcation of the trinary blend of sex pheromone components for dogwood borer (Zhang et al. 2005) has vastly improved the speciÞcity of this lure (Leskey et al. in press) . Thus, as discussed by GreenÞeld (1978) , both the use of species-speciÞc blends of chemical cues and differences in the diel periodicity of female calling behavior and male responsiveness may contribute to premating reproductive isolation among these sympatric, congeneric species. The greatly improved reliability of data from traps baited with the new dogwood borer pheromone has enabled reÞned monitoring recommendations, and our results from two comparisons of the effect of trap elevation on the capture of males clearly show this improvement. Data from an earlier study suggested that traps must be deployed at a height of 1.2 m (4 ft) to maximize moth catch (Riedl et al. 1985) . However, our results showed that traps baited with the Scenturion dogwood borer lure captured signiÞcantly more moths at 1.8 m (6 ft) than at other elevations and that the trinary pheromone blend is clearly superior, attracting many more moths than the Scenturion lure and revealing that there were no differences among traps deployed at elevations between 1.2 and 2.4 m (4 and 8 ft).
Our data on the relative numbers of male dogwood borer captured in traps baited with pheromone lures and virgin female moths are consistent with previous observations. Despite its relative effectiveness compared with other commercial lures, Bergh et al. (2004) reported that the Scenturion dogwood borer lure did not compete well with virgin female moths or accurately reßect population density or seasonal ßight activity. In 2003, the total capture of moths in three traps baited with females was nearly three-fold greater than in six traps baited with Scenturion lures. Zhang et al. (2005) reported that many more male dogwood borer were captured in traps baited with a binary or trinary blend of its sex pheromone components than in traps baited with virgin female moths or with the Scenturion lure. In 2004, the total number of moths captured in the trap elevation study using the trinary pheromone blend and was Ͼ100-fold greater than in 2003, when Scenturion lures were used. Furthermore, when traps baited with the trinary blend or virgin females were deployed within the same orchard rows in 2004, 1 of 8 females attracted a male (n ϭ 1 male), whereas 9 of 11 traps baited with lures captured moths (range, 1Ð25 males). However, when traps baited with females were isolated from those with pheromone, 5 of 15 female-baited traps captured from 1 to 25 males. These data suggest that the chemical signal emanating from lures containing the trinary pheromone blend is more attractive to male dogwood borer moths than calling females, probably caused largely by signal constancy and strength and in part to variation in the condition and physiological state of caged females. However, even when traps baited with virgin female dogwood borer are deployed in isolation, we found that the capture of males has been inconsistent, with much variability among females. Jacklin et al. (1967) reported considerable variability in the response of male peachtree borer to caged, virgin female moths. On rare occasions, a single female dogwood borer will attract dozens of males to a trap in one evening (Bergh et al. 2004 ). More often, however, traps baited with caged females capture few or no moths. Our data conÞrm that traps baited with the new dogwood borer sex pheromone will produce results that are generally more consistent and robust than those provided by caged female moths and mirror exactly the temporal response of males to calling females.
Understanding the diel rhythms of premating reproductive behavior of male and female dogwood borers may prove important to the development of management tactics based on behavioral manipulation. For example, identiÞcation of the dogwood borer sex pheromone and demonstration of the potent effect of a behavioral antagonist on the responsiveness of male dogwood borer to its sex pheromone (Zhang et al. 2005) have created opportunities to explore the potential to disrupt mating using the pheromone or the behavioral antagonist alone or in combination. The effectiveness and efÞciency of this approach may be enhanced by timing the release of mating disruptants to coincide with peak periods of female calling and mate-seeking by males. Furthermore, the signiÞcantly improved attractiveness of the trinary pheromone and its accurate reßection of the response of males to calling females will be critical to evaluating the disruption of male orientation to pheromone baited traps in orchards treated with mating disruption formulations. Exploration of mating disruption as a management tactic for dogwood borer, based on its sex pheromone or the behavioral antagonist, will be further enhanced through the use of behavioral (e.g., ßight tunnel) and electrophysiological bioassays. Demonstration of the diel periodicity of male and female emergence, female calling behavior, and the response of males to pheromone sources have provided the foundation on which such assays can be developed. technical assistance, and T. Eichlin for identiÞcation of moths. This work was supported in part by a grant from the USDA-CSREES Southern Region integrated pest management (IPM) Program.
